A new sub-lethal toxicity assay is presented for marine invertebrates.
Introduction
Estuaries, along with their adjacent salt marshes, rank among the most productive ecosystems on earth, being crucial to the life history (e.g. nursery, rearing, feeding, and migration) of many aquatic species (Chapman and Wang, 2001) . Controversially, these ecosystems are being rapidly degraded by contaminant inputs from both point and nonpoint sources, upstream and within the estuary catchments, ranking them also as the most anthropogenic ecosystems on earth (Lytle and Lytle, 2001) . Therefore, there is a clear requirement for the development of ecotoxicological tools for ecological risk assessments in estuaries, particularly those concerning sediment contamination (Chapman and Wang, 2001) .
In opposition to standardized laboratory toxicity testing, in situ assays incorporate much of the natural fluctuating environmental conditions, allowing a more realistic exposure and, as a result, generate more ecologically relevant information for the area under study (Castro et al., 2003; Chappie and Burton, 2000) . This is particularly relevant for estuarine systems because estuaries provide an interface between fresh and salt waters and are tidally influenced environments, presenting strong spatial and temporal gradients in many physical and chemical parameters and biological processes (Chapman and Wang, 2001) . Despite the fact that the development of methodologies to assess toxicity in situ has greatly increased in the past years, few of those were applied in estuaries (Moreira et al., in press; Moreira dos Santos et al., 2002; Ringwood and Keppler, 2002) .
Feeding impairment, either during or after contamination exposure, has been successfully employed as an in situ assay endpoint for various groups of aquatic organisms (Castro et al., 2004; Maltby et al., 2002; McWilliam and Baird, 2002a; Smolders et al., 2004) . A recent study by Moreira et al. (in press) investigated the use of postexposure feeding as a sublethal endpoint for use in in situ estuarine sediment toxicity assessments with the Polychaeta Hediste (Nereis) diversicolor Mu¨ller. As discussed by McWilliam and Baird (2002a,b) , the use of a postexposure period to quantify feeding circumvents procedural problems in experimental designs associated with the quantification of feeding during in situ exposures while keeping ecological relevance. The latter authors and several other studies showed that feeding depression is a sensitive sublethal endpoint, capable of responding to toxicants in a short period of time, both in the laboratory and in situ (Barata and Baird, 2000; Castro et al., 2004; McLoughlin et al., 2000; Moreira et al., in press ). Also, the fact that impairment of feeding at the individual level has often been demonstrated to have direct effects on population parameters (e.g. growth, reproduction and eventually survival), allows the mechanistic recognition of feeding depression as an ecologically relevant response (Maltby et al., 2001) .
The main aim of this study was to develop a shortterm sublethal in situ assay for estuarine sedimentoverlying water toxicity assessments, with the crab Carcinus maenas (L.), based on postexposure feeding. To attain this objective, four experimental phases were delineated to: (1) develop a simple methodology to accurately quantify C. maenas postexposure feeding rates in a short period, in order to prevent an eventual physiological recovery after toxicant exposure; (2) investigate the sensitivity of the postexposure feeding response, by exposing organisms to sublethal and lethal concentrations of cadmium; (3) assess the influence of a number of environmental exposure conditions (salinity, temperature, substrate, light regime, and food availability) on postexposure feeding, given that these variables have been associated with background variability in feeding rates (Maltby et al., 2002; in press; Soares et al., in press); and (4) evaluate the effectiveness of the proposed in situ assay for toxicity assessments in estuaries. This latter phase was carried out by deploying organisms at two reference and five contaminated estuaries along the Portuguese coast.
Carcinus maenas, commonly referred to as the European green crab, is a portunid crab native to Europe and probably also to Northwest Africa (Cohen et al., 1995) . This extremely eurythermal and euryhaline species has received much attention because of its success as a global invader, with established reproductive populations noticed on both the east and west coast of North America, South Africa and Australia (Cohen et al., 1995) . Carcinus maenas is an opportunistic feeder, consuming a large variety of prey items, including organisms from 14 animal phyla (mainly Crustacea, Mollusca and Annelida), and five plant and protist phyla (Cohen et al., 1995) . Its voracious predatory behavior is thought to be an important feature in structuring marine and estuarine benthic communities (Raffaelli et al., 1989) . The ecological important role of C. maenas and its widespread distribution and abundance in coastal and estuarine waters constitute major reasons for its frequent use in laboratory toxicity assessments (e.g. Watson et al., 2004 ). Yet, a search in specialized literature revealed that this epibenthic crustacean has hardly ever been used for estuarine in situ assays (Astley et al., 1999) .
Materials and methods

Collection and maintenance of assay organisms
Shore crabs were handpicked at low tide at the Mira estuary (see Section 2.6) and transported to the laboratory in thermally insulated boxes with locally collected water. To avoid behavioral and physiological variability associated with C. maenas color phases (Reid et al., 1997) and body size (Elner, 1980) , only green color-form individuals of uniform size were selected for this study. Mean (Gstandard deviation [SD] ; nZ30) carapace width (maximum distance between the two prominent lateral spines) and dry weight of selected organisms were 2.18 (G0.08) cm and 797.69 (G28.60) mg, respectively. Organisms presenting signs of being infected by the parasitic barnacle Sacculina carcini Thompson were discarded. In the laboratory, females and males were individually maintained in plastic containers with seawater of 20 g/L salinity, and kept in a temperature-controlled room at 20G1 C, under a 16:8-h light/dark cycle. Culture water was obtained by diluting filtered (1.2 mm) natural seawater of 35 g/L salinity with dechlorinated tap water. Crabs were daily fed ad libitum with a commercial flake food (TetraMenu, Tetrawerke, Melle, Germany).
Feeding quantification
To develop the methodology to quantify postexposure feeding rates of C. maenas, four types of food were preliminary tested, a commercial fish flake food (TetraMenu), newly hatched (48-h) Artemia fransciscana Kellog nauplii, dried Gammarus sp. (Astra, Melle, Germany), and dried pieces of the Polychaeta H. diversicolor. The pieces of the polychaetes were found to be the most suitable food for the feeding rate quantification of C. maenas, both in terms of consumption rate and consistency of results (data not shown), and were thus selected to be used in the in situ assay here proposed. To prepare this food item, juvenile individuals of H. diversicolor were handpicked at low tide from the intertidal sediments of the Mira estuary. Following their capture, organisms were air dried and uniformly sized pieces of about two body segments were cut with scissors (meanGSD dry weight was 94.47G4.82 mg, nZ6). For the definitive feeding trial, five male and five female crabs (10 replicates) were selected at random from the laboratory cultures and individually transferred to crystallizing dishes (6 cm height, 11 cm i.d.) containing 150 mL of ASPM water of 20 g/L salinity (ASPM medium). To prepare the ASPM medium, ASPM (J. McLachlan's modification of the Artificial Seawater with L. Provasoli's metal mix PI) reconstituted seawater of 35 g/L salinity (Guillard, 1983) was diluted with ASTM reconstituted hard water (ASTM, 2002) . Fifty dried pieces of about two segments of H. diversicolor were added to the medium and organisms were allowed to feed for 30 min, at 20G1 C, in the dark. At the end of this feeding period, individuals were carefully removed from the vials and all remaining pieces of H. diversicolor were counted. Individual feeding rates were determined as pieces/min. Under the established controlled conditions, a quantity of 50 pieces of H. diversicolor was sufficient to prevent the complete depletion of the food during the 30-min feeding period. To optimize the feeding rate of C. maenas, the influence of gender and light conditions during the 30-min feeding period was investigated separately, following the same controlled conditions just described, except for the experimental variable. Two light regimes were investigated using only male individuals: feeding in darkness and under a continuous cool-white fluorescent light (100 mE/m 2 /s). Prior to all feeding trials, organisms were deprived of food for 24 h in order to standardize nutritional storage levels across individuals.
Endpoint sensitivity
The sensitivity of the postexposure feeding response was investigated by exposing organisms to sublethal and lethal concentrations of cadmium. A stock solution of cadmium was prepared in nanopure water, using cadmium chloride monohydrate (1.02011, Merck, Darmstadt, Germany). Test solutions were made from the stock solution by adding the appropriate subsamples to ASPM medium. For the lethality tests, seven nominal concentrations of cadmium were tested using a dilution factor of 0.6 (0, 3.00, 5.00, 8.33, 13.89, 23.12, and 38 .58 mg/L). Mortality was daily registered and the median lethal concentration (LC 50 ) was determined after 48-and 96-h exposure periods. To estimate the median inhibitory concentration (IC 50 ) of cadmium for postexposure feeding, organisms were exposed during 48 h to six nominal concentrations of cadmium (0, 1.08, 1.80, 3.00, 5.00, and 8.33 mg/L), followed by a 30-min feeding period, under the conditions described in the previous section. In both toxicity tests, two sets of five replicates, with one organism each, were set up per treatment, one for females and another for males. The tests were carried out in 500-mL transparent polyethylene terephthalate vials (10 cm For cadmium analysis, additional triplicate test solutions of each concentration were prepared at the beginning of each experiment. Test solutions of the highest cadmium concentration (38.58 mg/L) were also analyzed in triplicate after 48 h, to observe whether concentrations were maintained during the experiment. Cadmium concentrations were analyzed by electrothermal atomic absorption spectrophotometry (Varian, SpectrAA 220 FSM, Palo Alto, USA). Minimum detection limit for cadmium was 0.09 mg/L.
Influence of exposure conditions on postexposure feeding
The influence of the following environmental conditions prevailing during a 48-h exposure period on the postexposure feeding rate of C. maenas was investigated separately: salinity, temperature, substrate, light regime, and food availability. Unless otherwise stated, organisms were exposed individually, during 48 h, in 500-mL transparent polyethylene terephthalate vials containing 150 mL of ASPM medium, at 20G1 C, under a 16:8-h light/dark photoperiod, without food addition. Two sets of five replicates, one for females and another for males, were used in all treatments. After exposure, organisms were carefully retrieved from vials and postexposure feeding determinations were immediately carried out as above described (see Section 2.2).
To determine whether postexposure feeding is affected by salinity, seven treatments, from 5 to 35 g/L, were used. Waters with a salinity ranging from 5 to 30 g/L were obtained by diluting the 35-g/L salinity ASPM water (Guillard, 1983) with ASTM hard water (ASTM, 2002 ). To determine whether postexposure feeding is affected by temperature, five treatments were tested in controlled temperature rooms at 10, 15, 20, 25, and 30G1 C. Although it is outside the water temperature range of Portuguese estuaries, the temperature of 30 C was also included in this experiment to assess the potential of the proposed in situ assay for warmer regions. At the end of the 48-h exposure period, and prior to the postexposure feeding determinations, all organisms were subjected to a 4-h thermal acclimation period at 20G1 C, to simulate the transport of organisms from the field to the laboratory. To determine the influence of substrate on postexposure feeding rates, five sediments differing in particle size composition, and a water only treatment (ASPM medium) were evaluated. The five sediments were: very coarse (O1000 mm particles), coarse (500e1000 mm particles), medium size (250e500 mm particles), fine and very fine sand (63e250 mm particles), and silt/clay (!63 mm particles). To prepare the experimental sediments, different sediments were collected at the Mira estuary, at low tide, sealed in black airtight plastic buckets and stored at 4 C until use. Samples were first homogenized by removing visible indigenous animals and large debris with a forceps. A standard sieving technique consisting of a set of four sieves (Retsch, Haan, Germany) with mesh sizes ranging from 63 to 1000 mm was used to separate the sediment fractions (Buchanan and Kain, 1971) . A layer of sediment of approximately 3-cm high was introduced into the 500-mL vials, which were then carefully filled with the 150 mL of ASPM medium. Organisms were only added after 24 h, to allow sediment setting. The effect of light regime was determined by exposing organisms under a 16:8-h light/dark cycle and under dark conditions. To investigate the influence of food availability, organisms were exposed under two treatments: no food supply and an ad libitum diet composed of commercial flake food (TetraMenu), supplied every 12 h. To further investigate the influence of food availability prior to the feeding quantification period, another experiment was carried out using exposure durations of 48, 96 and 192 h, without adding food.
In situ assay
To evaluate the suitability of the here proposed in situ assay chambers and procedures, an assay was carried out at reference and contaminated Portuguese estuaries. Assay chambers ( Fig. 1) were an adaptation of those previously developed for the short-term field exposure of Chironomus riparius Meigen larvae (Soares et al., in press ). Each chamber consisted of a 20-cm long transparent acrylic tube (0.5 cm thick and 5 cm i.d.), with two rectangular windows (4!10 cm) on opposite sides, covered with a 200-mm nylon mesh fixed with white-thermal non-toxic glue (TN122/WS, Elis Taiwan, Taiwan). The bottom end edge was slimmed (for 1 cm at w30
) to facilitate penetration into the sediment. The top end was covered with a fitting transparent polyethylene terephthalate cap (w3 cm height), uniformly perforated with seven circular openings (w0.6 cm). This cover guaranteed a proper overlying water flow/renewal and aeration, avoiding also both the escape of the organisms and their possible predation by indigenous fish or birds.
Two sets of five replicate chambers, one with females and another with males, with one organism per chamber, were deployed at each site. All deployments were carried out at the lowest level of low tide, to avoid air exposure of organisms during the assay. Chambers were carefully pushed into the sediment to a depth of about 14 cm, so that the lateral windows allowed both the flow of the overlying water at the water-column level and porewater at the sediment level. No food was added during the assay. After a 48-h exposure period, chambers were retrieved from the sediment (also at low tide). Each chamber was placed inside fitting black plastic bags and transported to the laboratory inside thermally insulated boxes. A 4-h period since the retrieval of the chambers until postexposure feeding quantifications was fixed, with the aim of providing similar conditions among sites. At the end of this period, individuals were gently retrieved from the chambers for immediate determination of postexposure feeding rates, according to the conditions previously described.
The range of water-column salinity and temperature values (Wissenschaftlich Technische Werksta¨tten, LF 330, WTW, Weilheim, Germany) was recorded by measuring these parameters at the lowest and highest level of low and high tide, respectively, during the 48-h exposure period. At the end of the assay, composite sediment samples were collected from each chamber, sealed in black airtight plastic containers, and stored at 4 C until processed for sediment characterization. Organic matter content (percent volatile solids) was determined by quantifying the loss of weight after ignition at 550 C for 4 h, and was expressed as the percentage of the oven-dry weight of the sediment (Buchanan and Kain, 1971) . The sediment particle size distribution was analyzed by sieving 25 g of sediment (previously dried at 105
C for 24 h) into six fractions, ranging from 63 to 1000 mm. The sediment remaining on each sieve was weighted to the nearest microgram, expressed as a percentage of the total final weight, and classified according to the Wentworth scale (Buchanan and Kain, 1971 ).
Study sites
The in situ assay was carried out in seven estuaries along the Portuguese coast (Fig. 2) . The selection of the estuaries and their categorization into reference (site R1, at the Minho estuary and sites R2a to R2d, at the Mira estuary) and contaminated (sites S1 to S5 located at Lima, Ca´vado, Ave, Douro, and Mondego estuaries, respectively) was based on analytical data available in the literature (Azevedo et al., 2000; Ferreira et al., 2003; Gonc¸alves et al., 1994; Guerreiro and Pereira, 2002; Lacorte et al., 2001; Mucha et al., 2003; Soares et al., 1999; Tauler et al., 2004) . Most of these data were obtained during an extensive monitoring program (from April 1999 to May 2000, ordered by the Portuguese Environmental Ministry) to determine contaminant levels in surface waters of the most important Portuguese river basins, concerning the survey of priority dangerous substances related to the implementation of the EU directive 76/464/ECC (now integrated in the Water Framework Directive 2000/60/EC) (Commission of the European Communities, 1976).
Briefly, the Lima River estuary (site S1, 41 41#53$ N, 8 48#15$ W) supports a pulp and paper mill, and is the location of an industrial harbor and a shipyard (Guerreiro and Pereira, 2002) . The Ca´vado River runs through an industrialized area, receiving into its estuary (site S2, 41 32#16$ N, 8 47#8$ W) untreated effluents from mining activities, textile and ceramic manufacturers, metal plating industries, paperboard mills, and slaughterhouses (Gonc¸alves et al., 1994; Guerreiro and Pereira, 2002) . Major sources of contamination in the Ave River estuary (site S3, 41 20#49$ N, 8 44#34$ W) are related to the textile sector, followed by leather tanning, rubber manufacture and plastic production (Guerreiro and Pereira, 2002; Soares et al., 1999) . The Douro River forms a mesotidal estuary (site S4, 41 8#35$ N, 8 38#53$ W) in the last 22 km, receiving domestic sewage of over one million inhabitants, as well as industrial effluents (e.g. food processing and metal plating industry), mostly without treatment (Guerreiro and Pereira, 2002; Mucha et al., 2003) . Major sources of contamination in the Mondego River estuary (site S5, 40 8#10$ N, 8 50#51$ W) include a mercantile harbor, urban and industrial wastewaters, and discharges from aquaculture farms and intensive agriculture areas, responsible for an ongoing eutrophication process (Ferreira et al., 2003; Guerreiro and Pereira, 2003) . The Minho River estuary (site R1, 41 53#27$ N, 8 49#29$ W) is about 35 km long and comprises an area of 2 km 2 of salt marshes (Ferreira et al., 2003) . The Mira estuary (sites R2a to R2d) is a narrow entrenched pristine estuary about 30 km long, being part of it bordered by salt marshes that cover an area of about 2.9 km 2 (Ferreira et al., 2003 
Data analysis
The influence of gender and light conditions during the 30-min feeding period was tested through independent samples t-tests (Zar, 1996) . Since no significant differences were found between female and male feeding rates, the two sets of five replicates of each treatment were pooled in all subsequent analysis. The LC 50 and the IC 50 of cadmium for postexposure feeding and the corresponding 95% confidence limits were calculated by probit analysis using PriProbit 1.63 software (Sakuma, 1998) (http://bru.gmprc.ksu.edu/proj/priprobit/download. asp). The influence of exposure conditions on the postexposure feeding rate was tested through independent samples t-tests or one-way ANOVAs, followed (if applicable) by Tukey honestly significant difference (HSD) multiple-comparison tests (Zar, 1996) . Since temperature and salinity were shown to significantly influence postexposure feeding rates of C. maenas, nonlinear regression models were fitted to feeding rates as a function of salinity (5e35 g/L) and temperature (10e25 C), to allow adjusting feeding rate values from the in situ assay to a constant salinity and temperature. For the in situ assay, the mean percentage of C. maenas recovered from chambers, either dead or alive, was calculated after the 48-h exposure period. The mean percentage of survival was also calculated based on the number of recovered individuals. Postexposure feeding rates were calculated as a proportion of the postexposure feeding rates predicted by the salinity and temperature models, for the median water column salinity and temperatures registered at each site, respectively. Then, relative postexposure feeding rates were adjusted to a salinity of 20 g/L and a temperature of 20 C. Adjusted postexposure feeding rates of organisms deployed at all sites were compared through a one-way ANOVA, followed by a Tukey HSD test (Zar, 1996) . Feeding rates at each impacted site were then compared with pooled references through one-tailed t-tests, since no significant differences were found across reference sites (Zar, 1996) .
Results
Feeding quantification
Mean (GSD) feeding rates of females and males were similar (t 18 Z0.16, pO0.05); 0.833 (G0.152) and 0.790 (G0.135) pieces/min, respectively, with the coefficient of variation (CV)%18%. The feeding rate of C. maenas was not significantly influenced by different light conditions (t 18 Z0.12, pO0.05). Mean (GSD) feeding rates of organisms feeding in darkness and under a continuous cool-white fluorescent were 0.933 (G0.137) and 0.893 (G0.134) pieces/min, respectively. Yet, the CV of feeding in darkness (17%) was below that of feeding under continuous light (25%).
Endpoint sensitivity
Nominal concentrations of cadmium were used for all calculations because they differed by less than 7% from actual concentrations. The 48-and 96-h LC 50 (95% confidence limits) of cadmium were 27.92 (21.19e 37.58) and 13.97 (9.73e18.51) mg/L, respectively. The 48-h IC 50 for postexposure feeding (95% confidence limits) was 4.33 (3.78e5.06) mg/L of cadmium. No control mortality was observed in either of the toxicity tests and no mortality was registered during the sublethal test.
Influence of exposure conditions on postexposure feeding
The influence of salinity and temperature on the postexposure feeding rate of C. maenas is shown in Fig. 2 . Map showing the hydrological basin of the Minho, Lima, Ca´vado, Ave, Douro, Mondego, and Mira Rivers and the location of the estuary sites where the in situ assay with Carcinus maenas was performed. Deployments were carried out at two reference (R1 and R2) and five impacted (S1 to S5) estuaries. Z92.1%, p!0.005, nZ7). Postexposure feeding was also significantly influenced by exposure at different temperatures (F (4,45) Z5.2, p!0.005). Feeding was significantly higher at 25 than at 10 C. The relationship between postexposure feeding ( y) and exposure temperature (x), within the range of 10 to 25 C, was expressed by the nonlinear regression model (GSE): yZÿ0.0001 (G0.000164)x 2 C0.0213(G0.00579)xC0.469(G0.0471) (r 2 Z99.8%, p!0.05, nZ4). Postexposure feeding was not significantly influenced by exposure to different substrate types (F (5,54) Z1.37, pO0.05). Mean (GSD) feeding rates ranged from 0.763 (G0.159) to 0.900 (G0.086) pieces/min, for organisms exposed in medium sand (250e500 mm particles) and silt/clay (!63 mm particles), respectively, with CVs in all treatments %15%. Mean (GSD) feeding rates of organisms exposed under a 16:8-h light/dark cycle and dark conditions were similar (t 18 Z0.66, pO0.05); 0.893 (G0.134) and 0.933 (G0.137) pieces/min, respectively, with CVs%15%. Organisms exposed for 48 h with an ad libitum diet and without food had similar (meanGSD) feeding rates (t 18 Z0.7, pO0.05); 0.840G0.201 (CVZ24%) and 0.893G0.134 pieces/min (CVZ15%), respectively. The extension of the exposure duration without food from 48 to 96 and 192 h did not influence the mean (GSD) feeding rate of C. maenas (F (2,27) Z1.45, pO0.05), which ranged from 0.827 (G0.149) to 0.957 (G0.251) pieces/min, with CVs%26%.
In situ assay
The range of water-column salinity and temperature values registered at each study site at the lowest level of low tide and at the highest level of high tide during the in situ assay are shown in Table 1 . Except at sites R2d and S5, high salinity fluctuations were observed in overlying waters at all sites. Small water-column temperature fluctuations (%3.2 C) were observed at all sites. Results of the sediment particle size distribution and organic matter content at each site are summarized in Table 2 . Sediments from site R1 were mainly (70.7%) composed of fine (125e250 mm) and very fine (63e125 mm) sand, whereas those from site R2 of silt/clay (!63 mm) (89.7% at R2a to 49.8% at R2d). Sediments from contaminated sites were all, except those of site S3 (67.6% of particles O1000 mm), mainly composed of particles smaller than 500 mm, with those of sites S4 and S5 having the highest portion of silt and clay. Sediments from sites R2a, R2b, R2d, and S5 had the highest organic matter content. Recovery, survival and adjusted postexposure feeding rates (to a salinity of 20 g/L and a temperature of 20 C) of C. maenas are presented in Table 3 . Organism recovery ranged from 90% at site S4 to 100% at all remaining sites. A survival lower than 100% was only found at sites S2 and S3 (90%), and also S4 (33.3%). A one-way ANOVA revealed significant differences among postexposure feeding rates (F (9,81) Z13.2, p!0.05). The Tukey HSD test revealed no differences among reference sites. Postexposure feeding rates were significantly depressed at all contaminated sites relatively to pooled references (R1 and R2a to R2d), by 16.3% to 72.7% (Table 3 ) (S1: t 58 Z3.2, p!0.005; S2: t 57 Z4.39, p!0.001; S3: t 57 Z5.3, p!0.001; S4: t 51 Z8.58, p!0.001; S5: t 58 Z4.42, p!0.001).
Discussion
This study intended at developing a short-term sublethal in situ toxicity assay for estuarine sedimentoverlying waters with the crab C. maenas, based on postexposure feeding. For this, a method for quantifying C. maenas feeding rates was first developed under controlled conditions. Among the various types of tested foods, dried pieces of the Polychaeta H. diversicolor were demonstrated to be the most readily consumed food by C. maenas juveniles in a short period (30 min). The fact that the dried pieces did not disintegrate into the surrounding water after a 30-min period also allowed the accomplishment of consistent and precise feeding rates. Compared to the other types of tested food types, the dried pieces of the polychaetes presented a more prominent odor. Thus, the voracious predatory behavior of C. maenas in the presence of the dried polychaetes may be explained by the fact that decapod crustaceans are chemosensory and tactile predators, rather than visual ones (Cohen et al., 1995; Kaiser et al., 1993) . Of significance is the fact that a short postexposure feeding period (only 30 min) is essential for preventing an eventual physiological recovery from the effects of the toxicant during exposure (Brent and Herricks, 1998; McWilliam and Baird, 2002b) .
Results from the feeding quantification experiments showed also that the feeding rate of C. maenas juveniles was not significantly dependent on gender. Differences in foraging behavior between individuals of different gender were reported and have been attributed to sexual dimorphism in chelae size (Elner, 1980 ). Yet, in agreement with our findings, Mascaro´and Seed (2001) reported that for C. maenas individuals with less than 30 mm in carapace width, no sexual dimorphism in master chelae size is expected to occur among crabs, as chelae size in female and male crabs is similar. Despite the fact that in its natural environment C. maenas is in general more active during the night, including in feeding behavior (personal observation), no significant differences in feeding rate were observed in the present study between organisms fed under different light conditions. Yet, feeding under darkness was suggested to produce feeding rates with a higher reproducibility than feeding under continuous light. This result is in accordance with the findings from other authors for cladocerans (McWilliam and Baird, 2002a) , chironomids (Soares et al., in press) and polychaetes (Moreira et al., in press ). Thus, it was established that postexposure feeding rates should be quantified under dark Table 3 Mean (nZ10) of recovery (%), survival (%) and adjusted postexposure feeding rates (PEF, in pieces/min) of Carcinus maenas exposed in situ for 48 h at five reference (R1 and R2a to R2d) and five impacted sites (S1 to S5) conditions, since in this way more precise feeding rates are expected to be accomplished.
In the present study, the sensitivity of the postexposure feeding response in C. maenas was investigated by exposing organisms to sublethal and lethal concentrations of a reference toxicant (cadmium chloride). After a 48-h exposure to cadmium, postexposure feeding depression was more sensitive than lethality. The 48-h feeding IC 50 was lower than the 48-and 96-h LC 50 by 6.5 and 3.2 times, respectively. Several other studies have demonstrated that feeding depression on a variety of invertebrate species was a more sensitive endpoint than lethality in determining toxicity to a wide range of chemical compounds with different modes of action (Barata and Baird, 2000; McLoughlin et al., 2000; McWilliam and Baird, 2002b) . For instance, feeding depression was found to be more sensitive than lethality in Daphnia magna, with an IC 50 lower than the LC 50 after one (approx. 3 days) and two (approx. 7 days) instars of exposure to cadmium, by 1.6 and 2.9 times, respectively (Barata and Baird, 2000) . The latter authors also showed that the inhibition of feeding in D. magna was approximately 2.0 times more sensitive than lethality after one instar of exposure to fluoranthene. The inhibition of feeding in Gammarus pulex (L.) was also found to be approximately 62, 35, 30, 19 , and 6 times more sensitive than lethality after 144-h exposure to linear alkylbenzene sulfonate, zinc, pirimiphos-methyl, permethrin, and lindane, respectively (McLoughlin et al., 2000) .
Although C. maenas is described as an extremely eurythermal and euryhaline hyper-osmoregulator, background variability in physiological and behavioral responses have been reported and associated with fluctuations in environmental conditions, such as water salinity and temperature (Bamber and Depledge, 1997) . Considering this, the influence of several environmental exposure conditions (salinity, temperature, substrate, light, and food availability) on the postexposure feeding of C. maenas were studied here in separate experiments, under laboratory conditions. From all variables investigated, only the temperature and salinity conditions prevailing during a 48-h exposure period significantly influenced the postexposure feeding of C. maenas, and thus may act as confounding factors in an in situ assay. A nonlinear regression model showed that salinity explained 92.1% of the variability in postexposure feeding. Postexposure feeding after exposure at 5 g/L salinity was considerably reduced compared to postexposure feeding after exposure at 20 and 35 g/L salinities (by 48% and 51%, respectively). Consequently, special attention should be taken when in situ deployments are to be performed at sites where low salinities are likely to occur, for example sites recently subject to heavy rainfall events provoking substantial declines in water column salinity. The nonlinear regression model explaining the relationship between postexposure feeding and temperature showed that 99.8% of the variability in postexposure feeding was ascribed to differences in exposure temperature. In accordance with our results, Wallace (1973) found that C. maenas acclimatized in the laboratory for 4 weeks at 24 C ate 2.4 times more food than crabs acclimatized at 10 C. Elner (1980) found C. maenas shore crabs foraging rate, both in terms of food ingested and energy intake per day, to be higher at 17 than at 10 C. A significant effect of temperature on the feeding of G. pulex (Maltby et al., 2002) and on the postexposure feeding of C. riparius (Soares et al., in press) and H. diversicolor (Moreira et al., in press) has also been reported. The use of the proposed in situ assay in regions warmer than Portuguese estuaries should be carefully considered since the physiological performance of the crabs can be compromised, as revealed by the depression in feeding after exposure at 30 C, compared to exposure at 25 C. In the present study, the establishment of models to explain C. maenas postexposure feeding in function of exposure salinity and temperature enabled adjusting the in situ postexposure feeding responses to the same water-column salinity and temperature values, and thus the direct comparison of postexposure feeding rates across sites. Strategies to distinguish a potential toxic effect from confounding factors associated with environmental parameters, as performed in the present study, have been successfully applied in other in situ assays (Maltby et al., 2002; Moreira dos Santos et al., 2002; Ringwood and Keppler, 2002) . However, the application of such strategies should not exclude possible interactions between effects of environmental variables and those of contaminants (DeWitt et al., 1999; Maltby et al., 2002; Moreira dos Santos et al., 2002; Ringwood and Keppler, 2002) .
To estimate a practicable maximum in situ exposure time, the influence of exposure time length on postexposure feeding was also assessed. Organisms were found to present similar postexposure feeding rates after subjected to a starvation period of 48, 96 and 192 h (plus a 24-h food deprivation prior to the assay). This finding suggests that in situ assays with C. maenas could be performed for periods longer than 48 h, when using postexposure feeding as an endpoint. However, the selection of the exposure period for an in situ assay must be based on a compromise between sensitivity and costeffectiveness. Long-term in situ exposures are costly, both in terms of time and effort, and their practicability is also reduced by the increasing risks of vandalism. Since our data and results from other authors (Barata and Baird, 2000; Castro et al., 2004; McLoughlin et al., 2000; McWilliam and Baird, 2002a,b; Moreira et al., in press) show that feeding depression is a sensitive endpoint, capable of responding to toxicants in a short period of time, an in situ exposure period of 48 h seems to be suitable for assessing sediment-overlying water toxicity with C. maenas.
To evaluate the suitability of the proposed in situ assay for exposing C. maenas in the field and for in situ sediment-overlying-water toxicity evaluations, organisms were deployed at reference (5 sites) and contaminated estuaries (5 sites) along the Portuguese coast. Recovery rates were high, ranging from 90% at one site (S4) to 100% at all remaining sites, demonstrating the suitability of the in situ assay chambers and procedures to successfully deploy and retrieve C. maenas. As pointed out by other authors, the presence of local fauna inside in situ chambers may represent an important drawback for in situ sediment toxicity assessments (Castro et al., 2003) . Our in situ assay design, employing a perforated cap and a mesh size of 200 mm was found to be appropriate to prevent the entrance of local fauna and also of potential predators. Light penetration was also an important aspect taken into consideration in the assay chamber design. The employment of transparent material in assay chamber construction allows the deployment of organisms under a natural light regime and the integration of potential light and toxicant effects on organism performance (Castro et al., 2003; Ireland et al., 1996) . A significant postexposure feeding depression was detected at all contaminated estuaries, demonstrating that C. maenas postexposure feeding was a general and responsive sublethal endpoint. It should be mentioned that sites S3 and S4, where the postexposure feeding of C. maenas was most depressed (28.3% and 72.7%, respectively) were located at the estuaries considered most affected in terms of human influence (Ave and Douro) (Ferreira et al., 2003; Guerreiro and Pereira, 2002) . Furthermore, the present results are in accordance with those of a previous in situ assay with the Polychaeta H. diversicolor performed at the same reference and contaminated estuaries (Moreira et al., in press ). In the latter study, the two highest postexposure feeding depressions were also detected at the Ave and Douro estuaries. Semivolatile organic compounds of industrial origin (e.g. chlorophenols, tributylphosphate) and metals have been reported as contaminants of main concern in these estuaries (Azevedo et al., 2000; Gonc¸alves et al., 1994; Lacorte et al., 2001; Mucha et al., 2003) . However, the interpretation of toxic responses from mixtures of contaminants is often very complex because possible interactions among contaminants can produce synergistic or antagonistic effects.
Increased emphasis has been placed on the development of methodologies that use behavioral responses of aquatic animals as indicators of contaminant exposure. Although all behavioral responses are potentially vulnerable to contaminant inputs, most work with crustaceans has been carried out on feeding behavior (Walker et al., 2001) , especially with G. pulex (Maltby et al., 2002 and references therein) and D. magna (McWilliam and Baird, 2002a,b) . Several studies have demonstrated that a toxic impairment on feeding influences the organism physiological performance and has the potential to interfere with specific life-history events, such as growth, reproduction and eventually survival (Maltby et al., 2001 ). For instance, Maltby and Naylor (1990) addressed the effect of zinc on the energy budget of G. pulex and were able to associate a reduction in feeding rate with long-term reproductive impairment. Also in C. maenas, a reduction in resource acquisition, expressed by a depression in postexposure feeding rate, will very likely result in a decrease in the intake/ expenditure energy ratio, in detriment of growth and reproduction (Hebel et al., 1997) . Ultimately, impairment in feeding can also have serious consequences on the community structure and functioning (Maltby and Naylor, 1990; Taylor et al., 1998) .
Conclusions
From results shown in the present study, it can been seen that this novel in situ sublethal assay with C. maenas based on postexposure feeding may provide a rapid, reliable and responsive tool for detecting sediment-overlying water toxicity in estuaries. Therefore, and considering the lack of ecologically relevant assays for sediment toxicity evaluations in estuaries (Chapman and Wang, 2001) , results obtained from in situ assays with C. maenas could provide essential sublethal data to be incorporated in estuarine ecological risk assessment studies.
